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ABSTRACT 

Mammalian mitochondrial transcription is executed 
by a single subunit mitochondrial RNA polymerase 
(Polrmt) and its two accessory factors, mitochon- 
drial transcription factors A and B2 (Tfam and 
Tfb2m). Polrmt is structurally related to single- 
subunit phage RNA polymerases, but it also 
contains a unique N-terminal extension (NTE) of 
unknown function. We here demonstrate that the 
NTE functions together with Tfam to ensure 
promoter-specific transcription. When the NTE is 
deleted, Polrmt can initiate transcription in the 
absence of Tfam, both from promoters and non- 
specific DNA sequences. Additionally, when in 
presence of Tfam and a mitochondrial promoter, 
the NTE-deleted mutant has an even higher tran- 
scription activity than wild-type polymerase, 
indicating that the NTE functions as an inhibitory 
domain. Our studies lead to a model according to 
which Tfam specifically recruits wild-type Polrmt to 
promoter sequences, relieving the inhibitory effect 
of the NTE, as a first step in transcription initiation. 
In the second step, Tfb2m is recruited into the 
complex and transcription is initiated. 

INTRODUCTION 

The mitochondrial genome (mtDNA) encodes 22 tRNAs, 
2 rRNAs and 13 proteins required for oxidative 



phosphorylation. Transcription of the double-stranded 
circular genome is initiated from two promoter regions, 
the heavy- and light-strand promoters (HSPl and LSP), 
and generates polycistronic transcripts that become pro- 
cessed to produce individual RNA molecules (1). A 
second site for transcription initiation (HSP2) is located 
about 100-bp downstream from HSPl, but the sequence 
requirements and the function of this site in vivo are still 
debated (2-6). 

The mitochondrial transcription machinery is simple. In 
yeast, the only two factors required are the mitochondrial 
RNA polymerase (Rpo41) and its accessory factor sc- 
mtTFB. Mammalian cells contain homologues to these 
factors, denoted as POLRMT and TFB2M using human 
nomenclature and Polrmt and Tfb2m for the mouse (1). 
Mammahan transcription also involves a third factor, 
transcription factor A (human TFAM and mouse 
Tfam), which is a high-mobihty group-box protein (7,8). 
TFAM binds sequence specifically to regions immediately 
upstream from mitochondrial transcription start sites 
(9,10). TFAM bound at this position introduces a sharp 
180° bend in DNA, and this structural change may be 
an essential step in the transcription initiation process 
(11-13). TFAM is also a DNA packaging factor that 
binds throughout the entire mtDNA molecule in 
a sequence-independent manner and wraps the genome 
into compact nucleoid structures (14-17). 

POLRMT is structurally related to the single-subunit 
RNA polymerase encoded by bacteriophage T7 
(T7 RNAP) (18,19). POLRMT contributes actively to 
promoter recognition (10), but in contrast to the phage 
polymerase, it cannot initiate transcription on its own 
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(2,20). TFB2M interacts with POLRMT and functions as 
a transient component of the catalytic site during tran- 
scription initiation (21). The TFB2M protein interacts 
directly with the priming substrate but is probably lost 
from POLRMT when transcription enters the elongation 
phase (21,22). The X-ray structure of human POLRMT 
(19) revealed a T7-like catalytic domain in the C-terminus 
of the protein (amino acids 647-1230, Figure 1). In the 
preceding region, the N-terminal domain (NTD, amino 
acids 368-647, Figure 1), there is a region that resembles 
the AT-rich recognition loop of T7 RNAP, which in the 
phage polymerase is used for promoter binding. There is 
also a putative intercalating hairpin structure in the 
region, which, in T7 RNAP, helps to separate double- 
stranded DNA and to stabihze the single-stranded DNA 
for RNA synthesis. 

POLRMT also contains an N-terminal extension (NTE, 
amino acids 42-368, Figure 1) not present in T7 RNAP. 
The NTE harbours a pentatricopeptide repeat (PPR) 
domain, which sequesters the AT-rich recognition loop 
(19). There is also a large portion of the N-terminal 
region of the NTE for which there is no structural infor- 
mation available. The yeast homologue of POLRMT, 
Rpo41, also contains an NTE, but the sequence 
similarities to mammahan POLRMT are limited. 
A limited truncation of the NTE in yeast generates a func- 
tional polymerase with an increased full length to abortive 
transcription ratio, whereas a larger truncation generates a 
polymerase incapable of initiation of transcription from 
double-stranded DNA (dsDNA) (23). 

TEAM helps to recruit the P0LRMT/TFB2M complex 
to mitochondrial promoters, and mutations that impair 
sequence-specific binding of TEAM upstream of 
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Figure 1. Schematic comparison of human POLRMT, mouse Polrmt, 
mouse A320-Polrmt and T7-RNAP. Major domains (NTE, NTD and 
CTD), the mitochondrial targeting signal and the PPR motifs are 
indicated and colour-coded. The AT-rich recognition loop, the 
intercalating hairpin and the specificity loop that all contribute to 
promoter recognition and melting in T7-RNAP are indicated in 
black. The transition between the NTE and the NTD is found at 
amino acid 368 in human POLRMT and 340 in mouse Polrmt. The 
N-terminal truncation mutant A320-Polrmt is a protein of 887 amino 
acids retaining only 20 amino acids of the NTE and thereby lacking the 
PPR motifs found in the wt polymerase. 



promoters also inactivate promoter activity (10,24). The 
C-terminal tail of TEAM is likely to make direct physical 
contact with the POLRMT/TFB2M heterodinier (25). 
TEAM induces a sharp U-turn in promoter DNA, which 
places the C-terminal tail next to the transcription start site 
(11-13). In addition, changes in the distance between the 
TEAM binding site and start site for transcription impair 
transcription initiation efficiency (24). Therefore, the 
current model for transcription initiation in mitochondria 
states that TEAM interacts with a POLRMT/TFB2M 
heterodimer and recruits it as a complex to the promoter. 
The importance of TEAM for transcription initiation 
has been questioned based on the observation that only 
POLRMT and TFB2M were required to initiate 
proiTtoter-specific transcription in vitro (26). However, 
later studies demonstrated that TEAM-independent 
transcription was inefficient and only observed under 
conditions that allowed for promoter breathing (i.e. low 
salt concentrations) or when negatively supercoiled DNA 
templates were used (27). Therefore, the situation is some- 
what similar to nuclear transcription, where the free energy 
of supercoiling can circumvent the absolute requirement 
for some basal transcription factors (TFllE, TFllE and 
TEIIH) (28). 

In the current work, we address the role of the NTE in 
POLRMT function. We conclude that this domain 
represses transcription initiation, both at promoter 
elements and unspecific DNA sequences. An important 
function of TEAM is to overcome this repression specif- 
ically at mitochondrial promoters. Our findings also 
suggest a step-wise assembly of the transcription machin- 
ery, according to which TEAM first recruits POLRMT to 
specific promoters, reheves the inhibitory effect of the 
NTE and enables TEB2M entry and transcription 
initiation. 

MATERIALS AND METHODS 

Forster resonance energy transfer 

Measurements were performed as previously described 
(27). Oligos containing the Forster resonance energy 
transfer (FRET)-pair consisting of fluorescent cytosine 
analogue tC° (X) as a donor (D4) and non-emissive 
cytosine analogue tCnitro (Y) as an acceptor (A4). 
Ohgonucleotide sequences are shown later in the text. 
D4 5'-d(AAA CTG TGG GGG GTG CXT TTG GGG 
TTT GGT TGG TTC GGG GTA TGG GGT TAG CAG 
CGG TGT GTG TGT GCT G)-3' and A4 3'-d(TTT GAC 
ACC CCC CAC GGA AAC CCY AAA CCA ACC AAG 
CCC CAT ACC CCA ATC GTC GCC ACA CAC ACA 
CGA C)-5'. 

Protein expression and purification 

Mouse and human proteins were cloned and individually 
expressed as described (10). We constructed a recombin- 
ant baculovirus and expressed A320-Polrmt in insect cells. 
The proteins were purified over HlS-Select Nickel Affinity 
Gel (Sigma- Aldrich) that was washed with 40 mM imid- 
azole in buffer A [25 mM Tris-HCl pH 8.0, 0.4 M NaCl, 
10% glycerol, lOmM 2-mercaptoethanol and 1 x protease 
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inhibitors (29)] followed by elution by 250 mM imidazole 
in buffer A. The proteins were purified over a 1 ml HiTrap 
Heparin column (GE-healthcare) and a 1 ml HiTrap SP 
column (GE-healthcare). The HiTrap columns were 
equiUbrated in 0.2 M NaCl purification buffer (25 mM 
potassium phosphate pH 7.0, 10% glycerol, 0.5 mM 
EDTA, 1 mM DTT) and the proteins were eluted by a 
15 ml gradient (0.2-1.2 M NaCl in purification buffer). 
The proteins were dialyzed against 0.2 M NaCl purifica- 
tion buffer. 

DNase I footprinting assay 

The footprinting template was produced by PCR using the 
primer pair 5' CAT OCT TGT TAG ACA TAA ATG C 
(forward) and 5' CAT GAT TTT GTA AAA TTT TTA 
CAA GTA C (reversed). The reversed primer was labeled 
with T4 polynucleotide kinase enzyme (New England 
Biolabs) and y-^^P ATP (3000 Ci/mmol). The labelled 
template was produced using a plasmid (pCR2.1-TOPO) 
containing the mouse mitochondrial promoter region 
(mtDNA positions 15942-341) as template. The footprint 
reaction was performed in 20|il containing 25 mM Tris- 
HCl pH 8.0, lOmM MgCh, 1 mM ATP, 100|ig/ml BSA, 
ImM DTT, 40 mM NaCl, labelled template (22 500 
counts per minute) and proteins as indicated (0.25 
pmoles Tfani and 1 pmole Polrmt and Tfb2m). The 
mixture was incubated for 20min at room temperature 
followed by addition of 2|.d of 30mU/|il DNase I 
diluted in 2.5 x DNase 1 buffer with MgCh (Thermo 
Scientific). The DNase I reaction was stopped after 
2min by addition of 20 ^l stop buffer [200 mM NaCl, 
20 mM EDTA, 1% SDS and lOO^g/ml yeast tRNA 
(Ambion)] directly followed by incubation on ice. The 
DNA fragments were recovered with phenol extraction 
and ethanol precipitation and analysed on 8% denaturing 
polyacrylaniide sequencing gels (Ix TBE and 7M urea). 

Microscale thermophoresis 

The interaction affinity between Tfb2m and Polrmt 
(wt and A 320) was studied using microscale 
thermophoresis (MST) as implemented in the Monohth 
NT. 115 instrument (NanoTemper Technologies GmbH, 
Munich, Germany). We used hydrophilic capillaries with 
80% hght emitting diode power and 20% MST power for 
40 s at 25°C. The Tfb2m was amine-labelled with 2-fold 
excess of NT-647 dye (Nanotemper) using the manufac- 
turer's protocol. Unlabelled Polrmt (wt and A320) was 
diluted in sixteen 2-fold dilution series starting from 
1.50mM and 1.07 mM for wt Polrmt and A320-Polrmt, 
respectively. Either 25 nM or 40 nM of the labelled Tfb2m 
was titrated to each of the dilution of wt Polrmt and 
A320-Polrmt, and the complex was incubated for lOmin 
at room temperature in the final buffer containing 20 mM 
HEPES, pH 7.5, 300 mM NaCl, 0.5 mM TCEP. 
GraphPad Prism® software was used for apparent cal- 
culations and curve fitting using the law of mass action as 
described in (30). Each experiment was done in quadru- 
plicate. Baseline-corrected, normalized and scaled fluores- 
cence were plotted against the log of the range of Polrmt 
and A320-Polrmt concentrations. 



In vitro transcription 

The mouse LSP template was produced as previously 
described where EcoRI restriction sites flank the mito- 
chondrial DNA insert (10). The non-promoter template 
was produced by digestion of the LSP template with 
EcoRI followed by gel purification (Quiagen) of the 
vector fragment. All transcription reaction volumes were 
25^1 and contained 25 mM Tris-HCl, pH 8.0, lOmM 
MgCl2, 64 mM NaCl, lOOng/ml BSA, ImM DTT, 
400 nM ATP, 150nM GTP, 150|iM CTP 10|iM UTP, 
0,02 |iM a-^^P UTP (3000 Ci/mmol), 4 U RNase inhibitor 
Murine (New England Biolabs), 90 fmole of indicated 
template and proteins at indicated concentrations. The 
reactions were stopped after 30min at 32°C by the 
addition of stop buffer (10 mM Tris-HCl, pH 8.0, 0.2 M 
NaCl, 1 mM EDTA and 100 |ig/ml proteinase K) followed 
by incubation at 42°C for 45min. The transcripts were 
purified with ethanol precipitation and the pellets were 
dissolved in 20|.d gel loading buffer (98% formamide, 
10 mM EDTA, 0.025% xylene cyanol and 0.025% 
bromophenol blue) and heated at 95° C for 5min. The 
samples were analysed on 4% denaturing polyacrylamide 
gels (Ix TBE and 7 M urea) followed by exposure on 
photo film. 

RESULTS 

Production of a functional mouse Polrmt mutant lacking 
a major part of the NTE 

As a part of our structure function analysis of POLRMT, 
we expressed a number of N-teiTninally truncated versions 
of the human and mouse polymerases as weU as point 
mutations disrupting the interactions between the PPR 
domain and the core polymerase. In agreement with 
previous studies of human POLRMT (19), both polymer- 
ases were sensitive to NTE truncations and mutations and 
most of our mutant versions could not be expressed as 
soluble proteins (data not shown). We were, however, 
able to identify one mutant version of mouse Polrmt, 
lacking the amino-terminal 320 amino acids, that we 
could readily express and purify. The A320 truncation 
was interesting, as it removed almost the entire NTE, 
but stiU retained all parts responsible for promoter recog- 
nition and catalysis of transcription found in the T7 RN A 
polymerase (Figure 1). Deletion of the NTE in yeast 
lowers the affinity between Rpo41 and sc-mtTFB (23). 
To investigate how the NTE truncation of Polrmt 
affected the Tfb2m interaction, we performed MST. In 
contrast to the yeast system, our results reveal that the 
Kd for Tfb2m interactions with A320-Polrmt was lower 
than that with wt Polrmt (Figure 2A). Removal of the 
NTE of Polrmt thus stabihzed interactions with Tfb2m. 

The NTE together with Tfam ensures promoter-specific 
transcription 

To address the role of NTE in transcription initiation, we 
compared A320-Polrmt with wt Polrmt in our 
reconstituted in vitro transcription system (Figure 2B) 
(10,20). We found that A320-Polrmt could initiate 
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Figure 2. Truncated Polrmt lacking the NTE has higher affinity to Tfb2m and can initiate promoter-specific transcription in the absence of Tfam. 
(A) MST of fluorescently labelled Tfb2m to Polrmt (wt and A320). The concentration of labelled Tfb2m was kept constant, whereas the concen- 
tration of Polrmt was varied as described in the 'Materials and Methods' section. The estimated fraction bound based on fluorescence is plotted 
against the concentration of the unlabelled Polrmt. Interaction Ko between Tfb2m with wt and A320 was determined to be 105 ± 1.2 nM and 
49.4 ± 1.1 nM, respectively. (B) Purified proteins used for in vitro transcription. (C) In vitro transcription from a mouse LSP template (90 fmole). 
Tfam (2.5 pmole) and Tfb2m (1.5 pmole) were added to all reactions. Reactions are no Polrmt in lane 1, wt Polrmt (0.5 pmole) in lane 2 and A320- 
Polrmt (0.5 pmole) in lane 3. Expected run-off product is 270 nt. (D) In vitro transcription from a mouse LSP template (90 fmole) was performed 
with Tfam (2.5 pmole) and Tfb2m (1.5 pmole) added as indicated. Polrint (0.5 pmole) was added to reactions in lanes 1^, and A320-PolnTLt (0.5 
pmole) was added to reactions in lanes 5-8. LSP run-off transcript is indicated. 



transcription from LSP and tliat tlie truncated polymerase 
was even more active than wild-type Polrmt (Figure 2C). 
We could thus conclude that the NTE in mouse Polrint is 
dispensable for promoter recognition, promoter melting 
and transcription initiation. 

We next analysed the transcription factor dependency 
of A320-Polrmt. As expected, both wt Polrmt and A320- 
Polrmt were strictly dependent on Tfb2m for transcription 
initiation (Figure 2D, lanes 1-2 and 5-6, respectively). 
Interestingly, loss of the NTE affected the strict require- 
ment of TFAM for transcription of initiation. With the 
A320-Polrmt, we observed low levels of transcription ini- 
tiation in the absence of Tfam (Figure 2D, lane 7). 
Transcription was initiated from the LSP promoter, but 



we also observed other unspecific transcription products 
in the absence of Tfam. We assumed that these products 
were formed by transcription initiation from non- 
promoter sequences in the hnearized plasmid teinplate. 
To investigate this possibihty, we repeated the experiment 
using a linearized template without mitochondrial 
promoter sequences. In contrast to wt Polrmt 
(Figure 3A, lanes 1 and 2), A320-Polrmt was able to 
initiate transcription of promoter-independent transcrip- 
tion products on this dsDNA template. The activity was 
further stimulated in the presence of Tfam (Figure 3A, 
lanes 3 and 4, respectively). Based on our observation, 
we can thus conclude that the presence of the NTE has 
three distinct effects on Polimt activity. First, it renders 
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Figure 3. (A) In vitro transcription witli eitlier the mouse LSP template 
or a template lacking the mitochondrial promoter region (named non- 
promoter template) reveals that A320-Polrnit is active on a template 
lacking a mitochondrial promoter both in the presence and absence of 
Tfam. Mouse LSP or non-promoter template (90 fmole), Tfam (1.0 
pmole), Polrmt (0.5 pmole) or A320-Polrmt (0.5 pniole) added as 
indicated. Tfb2m (1.5 pmole) was added to all reactions. (B) The 
non-promoter initiations of A320-Polrmt are strongly decreased in 
the presence of Tfam and LSP promoter. In vitro transcription assay 
from a mouse LSP template (90 fmole) was performed with Polrmt (0.5 
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non-promoter initiations of A320-Polrmt are not inhibited in the 
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drial promoter region. The same experimental setup as in (B) but with a 
template lacking the mitochondrial promoter region. 



Polrmt strictly dependent on Tfam for transcription initi- 
ation. Second, the NTE decreases Polrmt activity in 
promoter-specific transcription initiation. And finally, 
the NTE inhibits transcription initiation at random 
non-promoter sequences. 

Our results show that Tfam in the presence of a 
mitochondrial promoter region can reduce non-specific 
transcription and at the same time stimulate promoter- 
specific transcription (Figure 3A, compare lanes 7 and 
8). To further investigate this effect, we examined how 
changes in Tfam concentrations could influence A320- 
Polrmt activity. When we analysed A320-Polrmt activity 
using a promoter-containing plasmid, we observed both 
promoter-specific and -unspecific transcription in the 
absence of Tfam (Figure 3B, lane 5). Already at low con- 
centrations (1 Tfam/1600bp of template), Tfam almost 
completely abohshed non-specific transcription products 
and strongly stimulated promoter-specific transcription 
(Figure 3B, lane 6). When we analysed transcription 
from a template lacking promoter sequences, it was clear 
that wt Polrmt was inactive in aU Tfam concentrations 
analysed (Figure 3C, lanes 1-4). Interestingly, Tfam did 
not inhibit the transcription of A320-Polrmt from this 
template; instead, the non-promoter DNA initiations 
seemed to be increased by addition of Tfam in the 
absence of a mitochondrial promoter (Figure 3C, lanes 
5-8). From the results of proinoter and non-promoter 
templates combined, we conclude that the inhibition of 
transcription initiation from non-promoter DNA by 
Tfam is not due to protection of the DNA, and that it 
needs the presence of a mitochondrial promoter region. 
Our findings instead support a model in which Tfam 
recruits A320-Polrmt to specific promoter sequences and 
thereby prevents transcription initiation at non-promoter 
sites. In the absence of a specific promoter sequence, the 
abihty of Tfain to stiinulate transcription initiation can 
also be observed at other DNA sequences, probably as 
an effect of Tfam increasing DNA flexibility and 
stimulating DNA breathing (31). 



The mitochondrial transcription machinery can be 
recruited in discrete steps 

To further address the mechanism by which Tfam recruits 
other members of the transcription complex and the role 
of the NTE in this process, we performed DNase I 
footpriting. In previous experiment, we have showed 
that human TFAM protects a region upstream from the 
LSP transcription start site at position —15 to —38. In 
contrast, POLRMT and TFB2M cannot interact with 
the proiTioter when they are added by themselves or, 
together (10). We found that mouse Tfam leaves a foot- 
print starting at position — 1 1 of mouse LSP (Figure 4A, 
lane 2). With the coinplete transcription irtachinery 
present (Tfam, Polrmt and Tfb2m), the footprint was dra- 
matically extended, and we observed protection down- 
stream from the Tfam binding site, over transcription 
start site and a region extending to +9 (Figure 4A, lane 
3). So far, our observations were in agreement with 
the previous analysis of the human mitochondrial 
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transcription machinery (10). We also noted a weaker 
footprint extending from +10 to +20, which had not 
been observed with the human transcription machinery, 
which could indicate that the Polrmt/Tfb2m complex 
has a larger contact surface with DNA than previously 
suggested (10). In addition, there were also two distinct, 
not previously reported, footprints upstream from the 
Tfam binding site, one around position —50 and the 



other around position —60. Interesting, POLRMT can 
be cross-hnked to the —50 to —60 region, suggesting 
that Polrmt interactions with this region may be important 
during assembly of the mitochondrial transcription ma- 
chinery (Morozov et ciL, submitted to NAR). Because 
Tfam bends the promoter 180°, the Polrmt could 
interact with this region and still be in close contact with 
the transcription start site (Figure 4C). 
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We next addressed if Tfam could recruit Polrmt in the 
absence of Tfb2m. When Tfam was added together with 
Polrmt, but in the absence of Tfb2m, we observed protec- 
tion not only over the Tfam binding site but also in the 
— 50 region and the —60 region (Figure 4A, lane 4). The 
observed upstream pattern was similar to that observed 
with the complete transcription machinery, demonstrating 
that Tfam can recruit Polrmt to the promoter even in the 
absence of Tfb2m. In the absence of Tfb2ni, no clear foot- 
print was observed over the transcription start site 
(Figure 4A, compare lanes 3 and 4), demonstrating that 
interactions with DNA sequences surrounding the tran- 
scription start site require Tfb2ni. This finding is in agree- 
ment with previous studies, which have identified Tfb2m 
as a transient component of the catalytic site, located near 
the transcription start site (21). In contrast to Polrmt, 
Tfb2m could not create an additional footprint in 
presence of Tfam (Supplementary Figure SI). 

Human TFAM interacts with POLRMT, and the inter- 
action surfaces have been mapped to the NTE and other 
regions of the POLRMT (Morozov et al., 2013, submitted 
to NAR). We wondered if Tfam could recruit A320- 
Polrmt to specific promoter elements or if interactions 
with NTE were required for this function. Addition of 
A320-Polrmt together with Tfam did create a footprint 
in the —50 and —60 regions, albeit weaker than that 
observed with wt Polrmt (Figure 4B, lane 4). When 
Tfb2m was added, Tfam together with A320-Polrnit 
produced a footprint over the promoter region that was 
nearly identical to that observed with wt Polrmt 
(Figure 4B, lane 3). Therefore, our data demonstrated 
that NTE is not required for promoter recruitment of 
the mitochondrial transcription machinery. 

Tfb2m is required for promoter melting 

Our DNase 1 footprinting analysis suggested that Tfam 
could specifically recruit Polrmt to promoter elements, 
but that Tfb2m was required for tight interactions with 
the transcription initiation site. To substantiate this idea 
further and to demonstrate its validity at other 



mitochondrial promoters, we turned to our human 
in vitro transcription system. We had previously used 
FRET to monitor how the mitochondrial transcription ma- 
chinery influences the DNA structure at the human HSPl 
transcription start site. We incorporated the fluorescent 
cytosine analogue tC° (donor) and the non-emissive 
cytosine analogue tCnitro (acceptor) close to the human 
HSPl transcription initiation site and monitored changes 
in energy transfer efficiency on addition of TFAM (27). We 
now used this experimental system but with addition of 
POLRMT and TFB2M to the reactions (Table 1). 

Addition of TFAM to this template introduces struc- 
tural changes in the DNA (Table 1). We have previously 
demonstrated that the effect of TFAM is not restricted to 
promoter-containing templates, but due to the protein's 
abihty to bend and wrap any piece of DNA (27). We 
now monitored if addition of POLRMT and TFB2M 
could affect TFAM-dependent changes in energy 
transfer at the HSPl transcription start site (Table 1). 
Interestingly, addition of TFAM together with 
POLRMT yielded a much smaller change in FRET effi- 
ciency compared with TFAM alone, suggesting that the 
presence of POLRMT could repress structural alterations 
near the transcription start site (Table 1). The addition of 
TFB2M reversed this inhibitory effect of POLRMT, and 
we again observed structural changes near the transcrip- 
tion start site (Table 1). Therefore, the FRET findings 
further support a model, in which TFAM recruits 
POLRMT to the promoter in the absence of TFB2M, 
where the polymerase physically blocks non-specific inter- 
actions between TFAM and the transcription start site. 
TFB2M is required for melting the transcription start 
site and initiation of transcription, which explains why 
the energy transfer efficiency increased when TFB2M is 
added together with POLRMT and TFAM. 



DISCUSSION 

We here analyse the function of the NTE of Polrmt in 
mitochondrial transcription and find that this domain is 



Table 1. Efficiencies of the tC^-tCnii^ FRET-pair in duplex D4-A4 after subsequent addition of POLRMT and TFAM (rows 1-3); POLRMT, 
TFB2M and TFAM (rows 4-7); or only TFAM (row 8) (EpRCT.proiein) 



Protein + DNA 



Relative molar ratio 



-FRET, buffer 



(%) 



^FRETiprotein 



(%) 



AEf 



(%) 



POLRMT 
POLRMT 
POLRMT 
POLRMT 
POLRMT 
POLRMT 
POLRMT 



DNA 

TFAM + 

TFAM + 

DNA 

TFB2M 

TFB2M 

TFB2M 



DNA 
DNA 

-DNA 

-TFAM- 

-TFAM- 



DNA 
DNA 



TFAM + DNA 



1.1:1 
1.1:1.5:1 
1.1:3:1 
1.1:1 
1.1:1.1:1 
1.1:1.1:1 
1.1:1.1:3:1 
3:1 



5:1 



21 ± 0.2 

21 ± 0.2 

22 ± 0.1 
21 ± 0.3 
21 ± 0.5 
21 ± 0.2 
21 ± 0.4 
21 ± 0.4 



21 ± 0.1 

23 ± 0.5 

24 ± 0.1 
21 ± 0.2 
21 ± 0.5 

33 ± 0.5 

34 ± 0.2 
29 ± 0.4 



D4 
A4 



5 ' - d ( AAACTGTGGGGGGTGCXTTTGGGGTTTGGTTGGTT CGGGGTATGGGGTTAGCAGCGGTGT GTGTGTGCTG ) -3 ' 
3 ' -d ( TTTGACACCCCCCACGGAAACCCYAAACCAACCAA GCCCCATACCCCAATCGTCGCCACA CACACACGAC ) -5 ' 



Tfam-binding site 



0.6 ± 0.2 
1.6 ± 0.5 
2.0 ± 0.1 
-0.2 ± 0.4 
0.4 ± 0.7 

12 ± 0.5 

13 ± 0.4 
8.3 ± 0.6 



FRET efficiency on addition of the corresponding volumes of the buffers in which all three proteins are dissolved is also shown (EpRET-buffer) and the 
difference in FRET efficiency between addition of buffer only or corresponding protein (AEfret)- Error intervals show the standard deviation. D4- 
A4 duplex is displayed below the table. DNA sequences containing the FRET-pair consisting of fluorescent cytosine analogue tC° (X) as a donor 
(D) and non-emissive cytosine analogue tCj,jiro (Y) as an acceptor (A). The high-affinity TFAM binding site is underlined and the transcription start 
site is highlighted in grey. 
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dispensable for transcription initiation in vitro. The A320- 
Polrmt protein displays higher sequence-specific and non- 
sequence-specific transcription activities, and this 
truncated polymerase can initiate transcription even in 
the absence of Tfam. In combination with DNase 1 foot- 
printing, FRET analyses and in the light of an accom- 
panying report demonstrating cross-finking between 
TFAM and POLRMT (Morozov et al., 2013, submitted 
to NAR), our findings allow us to formulate a model for 
how mitochondrial transcription is initiated in 
mammalian cells (Figure 5 A and B). 

According to our footprinting findings, the transcrip- 
tion initiation process begins with the binding of Tfam 
to a high-affinity binding site starting 10-1 5-bp 



A DNA 

Tfam 

binding 

site 



Promoter 




Tfam Polrnnt Tfb2m 

f €^ i, 

NTE 

C A320-Polrmt 
1 




Figure 5. Model of mitochondrial transcription initiation. (A) Symbols. 
DNA with Tfam binding box and the promoter indicated, Tfam in 
green, Polrmt in orange with the NTE indicated and Tfb2m in blue. 
(B) Model of transcription initiation by Polrmt. (1) Tfam binds to a 
high-affinity site upstream of the mitochondrial promoter and 
introduce a 180° bend in the DNA. (2) Polrmt is recruited to the 
promoter region by protein-protein interactions with Tfam and 
protein-DNA interactions with the promoter and the region 
upstream of Tfam. (3) Tfam triggers a conformational change that 
relieves the inhibitory effect of the NTE and creates a conformation 
more similar to the A320-Polrmt protein that enables (4) binding of 
Tfb2m and formation of the fully assembled initiation complex. (5) 
Transcription is initiated. (C) Model of transcription initiation by 
A320-Polrmt. (1) Tfam is bound as in (A). (2) A320-Polrmt resembles 
the open Polrmt structure and interacts stronger with Tfb2iTi in 
solution. This heterodimer is recruited in a similar way as the wt 
creating the complete initiation complex. (3) Transcription is initiated. 



upstream from the transcription start site. In the next 
step, Tfam recruits Polrmt to the promoter. Polrmt re- 
cruitment depends on direct interactions with Tfam 
(Morozov et al., 2013, submitted to NAR), but also 
involves structural changes in the promoter region, 
which facilitates Polrmt-DNA interactions. In agreement 
with this notion, conditions that induce promoter 
breathing can circumvent the strict Tfam requirement 
for transcription initiation (27). In the absence of 
Tfb2m, Polrmt-promoter interactions are mainly re- 
stricted to sequences around position —50 to —60. This 
interaction receives support from cross-hnking experi- 
ments that demonstrated direct contacts between 
POLRMT and the promoter upstream region (Morozov 
et al., 2013, submitted to NAR). The contacts formed are 
explained from structural data demonstrating that Tfam 
induces a sharp bend in the promoter DNA, which help to 
juxtapose POLRMT and the -50 to -60 region (11-13). 
In the next step, Tfb2ni enters the transcription complex 
and the fufiy assembled initiation complex that encircles 
the promoter and creates a clear footprint over the tran- 
scription start site. This observation is in agreement with 
our FRET analysis, which demonstrated that Tfb2m is 
required for structural changes around the transcription 
start site. 

The strict requirement of Tfam for transcription initi- 
ation is lost when the NTE is deleted (Figure 5C). The 
molecular explanation for this effect is still obscure, but 
an important role of Tfam may be to regulate Polrmt's 
ability to interact with promoter sequences, perhaps af- 
fecting the NTE structure and reheving its negative 
effect on transcription. In support of this notion, cross- 
hnking experiments have demonstrated that TFAM inter- 
acts directly with regions within the NTE (Morozov et al., 
2013, submitted to NAR). Because the Polrmt structure 
aUows only specific deletions without affecting protein 
stability, we have not been able to study alternative dele- 
tions in the NTE. The exact structural motif in the NTE 
that is responsible for its inhibitory function has therefore 
not been identified. Rearrangements in the NTE structure 
triggered by Tfam and/or DNA interactions may also 
result in a more open Polrmt structure enabling Tfb2m 
binding. 

The NTE of Polrmt helps to prevent initiation of tran- 
scription at other sites than the promoters. The observa- 
tion that Tfam only activates wt Polrmt at specific 
promoter sites may be explained by previous structural 
work and single molecule analysis. Structural character- 
ization of human TFAM bound to a mitochondrial 
promoter fragment (LSP) revealed that TFAM induces a 
sharp U-turn in the DNA (11-13). The conformation of 
TFAM bound at its specific binding site together with the 
stable U-turn may create a structural context that allows 
TFAM to interact with POLRMT and relieve the inhibi- 
tory function of the NTE. In contrast, single-molecule 
characterization of TFAM interactions with non-specific 
DNA demonstrated that the protein freely diffuse on 
DNA and that TFAM can soften the DNA structure, by 
partially unwinding the double-helix, leading to a compac- 
tion of the mtDNA genome (31). These observations 
suggest that there may be a structural difference between 
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TFAM bound at sequence-specific and non-sequence- 
specific sequences. This difference can perhaps help to 
explain why TFAM only activates transcription at 
specific promoter sites. A stable U-turn at promoter se- 
quences could function as a signal to the transcription 
machinery and specifically recruit POLRMT and 
TFB2M for transcription initiation. To clarify the situ- 
ation, it would be valuable to obtain high-resolution struc- 
tural data for TFAM bound to non-sequence-specific 
DNA fragments and compare the results with those 
already obtained with a LSP promoter fragment. 
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